The Stern-Volmer constant is specified for the luminescence quenched by reversible ionization of excited molecules. The exergonic branch of the Rehm-Weller free energy dependence of this constant is known to be a plateau determined by irreversible ionization being under diffusion control. In the endergonic region the ionization is reversible and competes with the irreversible in-cage recombination of ions and their escape from the cage. At strong Coulomb attraction the latter phenomenon is shown to be negligible compared to the former that determines the shape and location of the descending branch of the Rehm-Weller curve. At weaker Coulomb attraction (at higher solvent polarity), this curve turns down at larger endergonicity. The experimental data obtained in solvents of different polarities are put in order and in full accordance with present theory.
Introduction
When the luminescence of the excited electron acceptors are quenched in encounters with electron donors, the created ion pairs are subjected to geminate charge recombination and their separation. In the case of pulse induced luminescence at low concentration of quenchers, the bulk reactions of separated ions may be ignored, provided the time of luminescence detection is shorter than the expected delayed fluorescence. In [1] such a reaction was first considered accounting for its reversibility which is essential for endergonic ionization. The corresponding reaction scheme is the following one:
Using the Integral Encounter Theory (IET), the following kinetic equations were employed [1] :
where N and P are the concentrations of the excited acceptors A * (with a life time τ A ) and charged products (ion pairs) respectively, while c = const is a permanent concentration of quenchers (electron donors D), assumed to be present in great excess. The Laplace transforms of the kernels are 
where W I and W B are the forward and backward electron transfer rates, while W R is the rate of ion recombination to the ground state. The originals of ν and μ are the reactants and ion pairs correlation functions, ν and μ, which obey the auxiliary diffusional equations. The free energy dependence of the Stern-Volmer constant specified by solution of these 2 Advances in Physical Chemistry In acetonitrile In hexane In 1-fluoropentane
Log(k q ) Figure 2 : The Rehm-Weller plots for the quenching of the fluorescence of 1 DCA * by π-donors in different solvents as found in [4] .
equations in [1] was used for interpretation of the Rehm-Weller phenomenon [2] , which appears to be qualitatively different from the classical one peculiar to irreversible photoionization [3] . Unfortunately, the authors of the pioneering work [1] did not account for solvent polarity since they neglected the Coulomb attraction between produced counter ions. Meanwhile, the experimentally studied quenching of the Figure 4 : The -dependence of the ratio k rec /k D for ΔG i = 0 (green) and larger ΔG i = 0.01; 0.05; 0.1; 0.2; 0.3; 0.5 (red) in comparison with similar dependence of k ass /k D (black). of 9,10-dicyanoanthracene (DCA) fluorescence by electron transfer from either n-donors or π-donors [4] showed the essential dependence of the results on dielectric properties of solvents where the reaction proceeds. Collecting the data for n-donors from Figures 2, 3, and 4 of the original paper [4] related to three different solvents, we plotted them in a single figure (Figure 1 ). A similar figure ( Figure 2 ) was obtained from the same source for π-donors. The results are equally obscure in both cases. They do not demonstrate a clear tendency that was expected to be when the dielectric constant of solvent is reduced. Moreover, some of descending Advances in Physical Chemistry 3 branches even cross each other which is most strange. To resolve these paradoxes, we have to extend first our own theory which did not account for the Coulomb attraction between ions being applicable to only highly polar solvents. Here we are going to eliminate this demerit and demonstrate how the free energy gap (FEG) law is affected by the different polarity of solvents used to study the Stern-Volmer constants. In the Conclusions, we will indicate how the experimental data should be rearranged to eliminate the above mentioned paradox and fit well with the present theory predictions.
Contact Photo Ionization in Polar Solvents
Assuming ionization to be contact, we can reduce (3) to the following ones [1] :
where the contact distance is σ, and the corresponding rate constants are
The pair correlation functions of the reactants and products obey the set of equations equivalent to (4.3) and (4.4) of the following pioneering article [1] :
or after Laplace transformation as
where L and L are the operators of encounter diffusion in the neutral and charged reactant pairs, respectively. Introducing the Green's functions as
we can rewrite (7) in the following form:
Thus, the contact ν(σ) and μ(σ) satisfy a set of linear equations as
where
Substituting (11) into (4), we get
At s = 0 both the kernels, R * (0) and R † (0), can be calculated exactly. The Green's functions G ν (r, σ, 0) and G μ (r, σ, 0) satisfy the following equations resulting from (8) at s = 0:
where r c = e 2 / kT is Onsager radius. The solutions of (14) are
At r = σ we obtain
Correspondingly, we get from (13) at s = 0
4
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Stern-Volmer Constant Affected by Ion Attraction
The fluorescence quantum yield obtained by integration of (2a) accounts for the quenching executed by only the first encounter, ignoring all the rest leading to delayed fluorescence as
This yield is determined by the Stern-Volmer constant κ g that takes into consideration only the geminate recombination of primary created ion pairs and their irreversible escape from the cage. This constant is equal to the zero value of the kernel of the following integral equation (2a):
is the Stern-Volmer constant of irreversible (forward) electron transfer with reaction constant k i and diffusional rate constant k D = 4πσD. As was established by Marcus and Siders [3] , the rate constants for forward (ionization) and backward (recombination) electron transfer are
They depend on ionization free energy, ΔG i , and the reorganization energy λ whose contact value in polar solvent is
where and 0 are static and optical dielectric permittivities [5] . The reversibility of electron transfer is accounted for by a correction term in the denominator of (20), where
accounts for the electrostatic addition to the ionization free energy as
This is the Coulomb interaction of separating ions that crucially depends on the dielectric constant of the solvent, .
For simplicity we neglected the exchange interaction between ions as well as other weaker intermolecular interactions.
As to the recombination rate constant k r , it obeys the following similar Marcus expression:
but the recombination free energy is
where E is the primary excitation energy of D * or A * whichever one. Substituting here C and λ from (25) and (23), we can rewrite the last result as follows:
where ΔG 0 i = −E + e 2 / 0 σ is an argument of the maximum of the above Gaussian, whose width 4λkT is -dependent; it is larger at higher polarity ( ) (see Figure 3 ).
The irreversible separation of ions escaped from the cage is given by the following rate constant:
is the usual Onsager radius. The latter phenomena disappears when the fluorescence is registered stationary. It was shown in [6] that the stationary detected quantum yield obeys the usual Stern-Volmer law but its constant is different:
It does not account for charge separation because the ions have infinite time to meet in the bulk and recombine back to the excited state of precursor. Their recombination to the ground state remains the single channel of their annihilation. But unlike the similar equation (37) in [6] the last one is valid for solvents of any polarity because the electrostatic ion attraction is accounted for by the Coulombic term C in the definition of K, given in (24). The Markovian analog of the latter result was obtained even in the pioneering work of Rehm and Weller [2] , who neglected ion separation from the very beginning, assuming that the final product of ionization is the bounded ion pair Advances in Physical Chemistry 5 (an exciplex) that cannot dissociate at all. As a result they got by the simplest rate calculations that [2, 6] 
is the rate constant of stationary ionization (since the transient effect is neglected in the Markovian approximation). However, the authors found that the theory of irreversible transfer, when κ g = k describes better the data they obtained.
To get rid of transfer reversibility they set
assuming it to be so large that the correction in the denominator of (32) becomes negligible (see Section II F in the review [7] ). In reality, k r given by (28) differs essentially from k 0 r (Figure 3) , and there should be other reasons to eliminate the correction term in the denominator of (32) [7] . Moreover, the deviations of the irreversible estimate of κ g from the exact result, accounting for reversibility, are minimal in so polar a solvent as acetonitrile ( = 37.5) used in Rehm-Weller experiments [2] but becomes much larger in nonpolar solvents like IFP (I-fluoropentane) ( = 3.45) or hexane ( = 1.89), studied in [4] . We will return to this problem below.
Meanwhile, it is very instructive to reformulate our main result (20) using terminology used in conventional chemical kinetics as
where K eq -the ratio of stable (charged and neutral) reactants concentration in an equilibrated system-is the true equilibrium constant as
It does not depend on unlike Debye diffusional constant
and the usual recombination constant is different from the intrinsic one (k r ) used earlier as k rec = k r e −C/kT = k r e rc/σ .
The general expression (20) or (35) can be presented as follows:
reversible ionization endergonic branch .
As was first pointed out by Marcus and Siders [3] , in the exergonic region κ i is a bell-shaped curve, the top of which (where the ionization constant is larger than the diffusional one) is cut by a diffusional plateau, while the side branches represent ionization being under kinetic control as
The maximum of the latter exponent is located at ΔG c i = −λ + e 2 / σ, which is −λ in highly polar solvents ( = ∞) but shifts to the right when the solvent polarity decreases ( → 1). The diffusional plateau in reality is not cut by the left descending branch being extended far from the maximum to the left. This is the first Rehm-Weller paradox that caught the eye of many researches and finally was attributed to a number of factors: the noncontact nature of ionization, assistance of vibrational modes, and production of excited ions, available at large exergonicity [6] [7] [8] . But there is another paradox: in the opposite endergonic region (at ΔG i > 0).
There the diffusional plateau gives way to a descending branch which is under separation or recombination control. The polarity of the solvent does not affect K eq but determines the competition of these channels represented by k ass and k rec , respectively. In Figure 4 the quantities k ass /k D and k rec /k D (for a few ionization free energies) are presented as functions of moderate . At lower , recombination predominates while at higher the vice versa. In acetonitrile ( = 37.5), these contributions are comparable at least at ΔG i < 0.1, but at smaller the ion separation can be ignored as in (31) (since the Coulomb well is too large and deep). In such a limit there is no difference between the yields of pulse induced and stationary detected fluorescence. On the other hand, only in this limit the descending branch shifting to the right with decreasing polarity reaches the endergonic region.
There we see the pronounced difference between the exact result accounting for the reversibility of ionization and its analog just for an irreversible ionization investigated by Marcus and Siders [3] . In Figure 5 , the latter is represented by the dashed curves, while the former is depicted by the solid ones. In the case of reversible ionization, the descending branches turn down earlier and sharper than in the case of irreversible ionization. This effect noticed as far back as in [2] is much more pronounced in a solvent of lower polarity. On the other hand, any descending branches are pushed down stronger in solvents of higher polarity since the recombination (which is only responsible for the quenching in the endergonic region) becomes slower when increases (Figure 4 ).
Conclusions
In [4] , the DCA fluorescence quenched by the numbers of either n-donors or π-donors was studied in three solvents of different polarity (hexane, 1-fluoropentane, and acetonitrile). The corresponding Stern-Volmer constants were 6 Advances in Physical Chemistry depicted as functions of the donor gas phase ionization energy E i,a . The curves compared in Figures 1 and 2 are similar to the Rehm-Weller one but their descending branches in less polar solvents are shifted to the left, contrary to our expectations illustrated in Figure 5 . Moreover, some of them even intersect. The paradox disappears as soon as an appropriate argument is chosen for the abscissa, that should be where E ea (A) is the electron affinity of the acceptor, E * is the energy of the excited donor involved in electron transfer, and
is the solvation energy. The latter is different for all the solvents since (1 − 1/ ) = 0.47 for hexane, 0.71 for IFP, and 0.97 for MeCN [4] . Hence, ΔG IFP 
though with unknown 0 (since E ea (A) + E * were not specified). Comparing the fluorescence quenching by ndonors in such coordinates ( Figure 6 ), we see that in each less polar solvent the descending branch is shifted to the right as it should be, according to the present theory illustrated in Figure 5 . The similar tendency acquires the corrected results shown in Figure 7 that were obtained for fluorescence quenching by π-donors in the same solvents [4] . The endergonic branches of the Rehm-Weller curves in nonpolar solvents represent just the recombination quenching of the equilibrated system with Stern-Volmer constant k q ≈ κ g ≡ κ = K eq k rec = e −ΔGi/kT k r (ΔG i )e −C/kT .
The estimate of the Coulomb term C given in (25) is valid for only spherical charges. It changes when the sizes and geometrical configuration of the contact ion pairs are taken into account [9] . In [4] the difference between the quenching efficiency of n-donors and π-donors was attributed to this Advances in Physical Chemistry 7 very factor. However, the descending branch deviation from the pure exponent, which is K eq (ΔG i ), is definitely related to the k r (ΔG i ) dependence different for different ( Figure 3 ). Moreover, this branch is subjected to the essential correction and deformation, if the electron transfer is distant or assisted by some vibrational modes or spin conversion and triplet production (see Section II F in review [7] and Figures 12-14 in review [10] ). These peculiarities are worthy of separate consideration.
